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1. SUMMARY AND INTRODUCTION

1.1 SUMMA RY

A study was performed to evaluate failure probabilities for the

cylindrical tunnels in the DIABLO HAWK test , to r~~ oisimend test changes,

and to investigate the effects o~ correlation on the failure probabilities .

It is anticipated that either 5 or 6 tunnels will tail in the DIABL.O HAWK
test, with 5 tunnels experiencing severe damage. A brief decision analysis

indicates that the test would be optimized with the addition of one struc-

ture designed and situated in order to have a failure ~robaL .ili ty of .5.

However , the new economic benefit is small and in the long run, the

omission of the additional structure will have very minor influence . If

the structural properties are ful1y-correlat’-’~, and if the a!.~!1ied loading

(on the several tunnels) is also fu11y—correl~~ted , then the predicted

number of failures for DIAB LO HAWK is expect.~ : to fall between 3 and 8

with 90% probability. Additional results of the study include the con-

clusion that fragility curves can readily be developed for hollow spheres,

and the elasto—plastic design of spheres is amenable tu  compLt r implemen-

tation but is somewhat more complicated than tunne l design.

1.2 INTRODUCTION

Previous studies (Reference 1) were reasonably successful in pre-

dicting the number of tunnel failures in the MIGHTY EPIC test. Never-

theless , the previous analyses did not address the DIABLO HAWK test, nor
did they include the important effect of correlation among the random

variables irvolved .

The designers of the (MIGHTY EPIC/DIABLO HAWK ) test structures

wanted to investigate the effects of multiple loaditv.s and also the

propagation of a ground shock pulse through “pre—shocked” r~aterial. Neither

of these effects are addressed in the present report. If one neglects

these effects (as the present report does) then it appears that the DIABLO
HAWK test is less-than—opt imally designed . Suggestions are made herein

to improve the probability of obtaining useful data , without altering the

effects of multiple loading or pre—shocking .

The two pr ime sources of correlation for  the tunnel structu res are

S The commonality of construction procedures , concrete strengths,

etc. that may make the structural properties highly correlated ,

and

3



• The correlation of weapon output from structure to structure ,

namely , if the f r e e— f i e l d  pressure is high , it will be b3gh
for all the structures , etc.

The simplest case of fu l l  correlation is the easiest so handle  computa-
tional ly .  But , in fact ,  since the rock properties vary throughout the test
site, the U fully...correlatedl approximation does not represent the real,
physical situation. Thus, it is expected that the actual test will lie
somewhere between the totally uncorrelated and fully correlated extremes.

From physical arguments, one can determine that  the r t f e c t  of correla-
ting the structural properties and the pressure loading will be to emphasize
the extremes of the probability distributions. This intuitive result is

borne out by the calculations.

The question of developing fragility curves for hollow spheres is

also addressed , as is the problem of elasto-plastic design of spheres

in rock. Both of these problems are conceptually straightforward , although

the e].asto-plastic design is more complicated for spheres than it is for

cylinders.

The report includes major sections on predictions and reconvnendations

for DIABLO HAW K , the effect of correlation , sphere calcualtions, and
concluding remarks.

4 
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2. PROBABILITY OF FA ILURE
FOR DIAB LO HAWK CYLINPERS

2.1 BACKGROUND

In the previous report (Reference 1) probabilistic predictions ~. re

made regarding the expected number of failures (for lined tunnels in rock)
in the MIGHTY EPIC test. Assuming a factor o~ ~ 1.1 unct. rtainty in the
free—f ield pressure produced in the tuff , it was stated t hat “ the number of

expected failures lies between 4 and 6, within 90 per cent confidenet
limits.” In the test , four (4) tunnels were dama ged si g n i f ican t l y ,  with
two of the four suffering severe hir ige and two sufferir : moderate damage .

The two structures that were severely damaged had a r~~ar probability
of failure P

f equal to .99, calculated for tht ’ factor of 1.1 uncertainty.

The other two structures, which received moderate damage, had f a i l u r e
probabilities Pf = .91 and Pf = .79k respectively. It is not~c~.’ rthy th~it

one other structure, which experienced only sl ight damage, also had a

fai lure probability P~ = .91.

In the para graphs wh ich fo l low , the calculation of similar failure

probabilities for the DIABLO HAWK test are outlined . The results show

that five (5) tunnels have fa ilu re probab i l ities Pf > .97 for a factor of

1.1 uncertainty in the free—field stress. Consequently, it is predict~~
that either 5 or 6 tunnels will fail (within 90 per cent contidence lim its ,

in the DIABLO HAWK event. Furthermore , these S tunnels are expected to

be severly damaged , in a manner like the two MIGHTY EPIC structures which

had failure probabilities pf > .99.

The reader is again cautioned that these predictions do not include

the effect of a second loading on the rock medium. If the second loading

causes major effects not anticipated at this time , then the predicted
number of failures might change significantly .

2.2 EFFECTS OF UNCERTAINTY IN FREE-FIELD PRESSURE

In order to understand the effect that uncertainties in the free—

field stress (pressure) have on the mean probability of failure (~~f)~ it

is worthwhile to consider the steps in the calculation of Pf . This pro-

cedure is outlined in the flow—chart of Figure 2—1. The individual blocks

in the flow-chart can be briefly summarized as follows :

Step 1: Calculate the design stress , ~~~ for a particular tunnel.

The design stress depends upon the steel thickness , h , the concrete thick-
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ness , t , etc . A f a i l u r e  s t r a in  of .05 was used (c f .  R&I rence I)

along w i t h  mean values of the design variables Erock~ V ks etc. TII~

mean values of these var iables  are listed ir Table 2—1.

Step 2 : Using th ’i design stress, 0
~~
, and a curve of tree-field

pressure vs. range (estimated for the e v e n t ) ,  n e  can read of f  a cor res-
ponding design ran ge , P0.

Step 3: From a knowledge of the urt :,i . r ange , F (f rom the structure
to the weapon point) and the design La~ q3, R ,  from St&-~ 2, one can coepute

the dimensionless ratio (R/R).

Step 4: Usi ng the curves developed previously , givi r : T
f 
vs.

(R/R), one can read off the corresponding mean probability of failure

(see Figure 2—2)

Step 5: This procedure is repeated for all the structures ir.vo~ ved.

The calculat ions just outlined were performed for the DI tP L’ H1..~ Y

test cylinders using uncertainty factors of 2 and 4 f :~t the free-field
pressure. Similar (but so~~ewh~,t sir~r Ler) ca i culat:— rs were done using

an uncertainty factor 1.1. The results of these calculations are giver

in Table 2—2. As can be seen by referring to the Table, the effect of

decreasing the uncertainty in free-field pressure is to decrease the prob-

abilities when Pf < .5 and to increase the probabilities when P~ > .5.
This sharpening of the distribution is evident in Figure 2-3, wh ich also

shows a suggested “optimum ” test design . The reader should be aware

that the curves of Figures 2—2 and 2-3 are based upon an assumed value

of the “ f a ilure stra in ,” namely c0 = .05. Although this value (Cf~ = .05)

gave reasonably good resul ts for the MIGHTY EPIC test, the specification
of a failure strair is an involved subject and deserves further study .

The curves of Figure 2—3 substantiate the previous finain~ s (Ref-

erence 1, p. 5—6) that “assuming a factor of 4 uncertainty in the free-

field pressure , the actual test was reasonably well—designed .” Conversely,

when the uncertainty is reduced to a factor of 1.1 (which is thought to

be representative of the well—calibrated Nevada Test Site) it appears that

the combined (MIGHTY EPIC/DIABLO HAWK ) test cylinders were less than

optimally designed . This finding is reinforced when the probability

of exactly N failures is comptuted , as discussed in the following paragraph .

*These tabulated values were used previously in Reference 1.
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Table 2—2 describes 11 in d i v i d u a l  “ events ” ( i n  the t e rmi nolog y of
probabili ty theory) each w ith a corresponding f a i l u r e  p r o b a b i l i t y .  ( !~O te

that at this point we are treating each test cylinder as independent —

i.e., with no correlation among the structures or tO . - lu.oding . The influ-

ence of correlation is discussed in Section 4.) Viewed as 11 indivjduu l

events , where the i~-~ structure has a probability of tailure Collins

(Reference 2) has shown how to compute the probability of exactly zero

fa ilures , etc. The mathematical expressions are presented in References 1

and 2 , and calcualtions are most amenable to a simulation technique. The

results of this simulation are shown in Figure 2-4 for the three uncertainty
factors , namely 4 , 2, and 1.1.

Note that Figure 2-4(c) for a factor of 4 uncertainty shows a

symmetrical histogram , (indicating a well-balanced design) whereas Figure

2—4(a) shows that (within 90 per cent confidence limits)
4 5 or 6 cylindrical

structures will fail in the DIABLO 74AWK test.* In fact , the probability

that exactly 5 cylinders fail is approximately .65 , which ref lects the fact
that 5 structures have individua l failure probabilities Pf > .97. These

results are presented in Table 2—3 as “Predictions for DIABLO HAWK” .

As indicated by the footnote in Table 2-3, thus far the effects of

initial ovalirig (i.e., initial imperfections) caused by the MIGHTY EPIC

test have not been included , nor have the effects of correlation among

structures or load ing been examined . These subjects are disc usse d in the
sections which follow.

2.3 EFFECTS OF INITIAL OVALING PROM MIGHTY EPIC TESTS

To understand the effect of initial ovaling (initial imperfections)

on the behavior of lined tunnels in rock , it is instructive to consider an

analogous problem , namely buckling of an imperfect column . The problem

of a slightly crooked column is discussed in Reference 3, p . 13 , and also
in Timoshenko ’s well-known text (Reference 4).

For a perfect s imply-supported column , of length L and having a
un iform bending sti f fness  El , the elastic buckling load is given by

~The term “con fidence limits” is discussed in most tex ts on probab i lity
and statistics (e.g. Reference 1)

*This statement assumes that an uncertainty factor of 1.1 is representa-
tive of the Nevada Test Site.

**These results are adapted from Brush and Almroth , Reference 3.

11 
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Table ~-2. In dividua l Failure Probabilities f i r  T~nr ,-i Uncertair it . Factors

FAILUPE P~~L~bILITY , Pf FOP 4 , 2, AND
STPLC T~RE DIME T .SIONLESS 1.1 UNCEF~A INTY FACTORS FOR FREEFIELD
nUMBER RANGE, 

~~/R 
STRESS - -  __________ ______________o)

f 4  f 2  f l . l

CX 10 1 . 2 4  3 t i  .17 .00

CX 9 1.2 7  .27 .14 .00

CX E 1.36 .21 .07 .00

c~ 7 1.10 .42 .37 .11

CV 23 1.10 .42 .37 .15

C~ 22 1 .11 41 .35 .11

CV 16 .925 .61 .72

CV 15 .930 .6’ .71

CV ~4 .837 .71 .~-f 9995

CZ 3 .775 . 7~ .93 .9995

CZ 1 .760 .7~ .94 .9995
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Table 2-3. Predictions for Diablo Hawk*

STRUCTURE FAILURE
NUMBER PROBABILITY

CX 1O .00

:~ 
NOT EXPECTED TO FAIL

CX 7 .11 1 POSSIBLE ONE OF THESE THREE WILL

CY 23 .15 FAIL , WITH DAMAGE LIKE SLIGHT FLAT—

CY 22 .11 J TENING EXPERIENCED IN MIGHTY EPIC.

CY 16 .97 1
CY 15 .98 THESE FIVE ARE EXPECTED TO FAIL.

CY 14 .9995 EXPECT SEVERE DAMAGE COMPARABLE TO

CZ 3 .9995 FAILURES IN MIGHTY EPIC.

CZ 1 .9995 J

*NOTE THAT THESE PREDICTIONS DO NOT INCLUDE THE EFFECTS OF IMPERFECTIONS ,

(E.G., INITIAL OVALING CAUSED BY MIGHTY EPIC TEST) NOR DO THEY INCLUDE

THE EFFECTS OF CORRELATION AMONG STRUCTURES OR LOADS

I’
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For a perfect simply—supported column, of length L and hav ing a
uniform bending stif fnes s  E l , the elastic buckling load is given by

m 2EI
~cr — (2-1)

When the column is ini tial ly  imperfect ,** say it has an initial deflection

= si~ (2—2)

then the deflection in the buckl ing mode is given by

P C * sin !~~w ( x )  = (2—3)
iT EI

L2

where C1~ is the amplitude of the imperfection. Note that equation (2-3)

predicts tha t the lateral deflection , w, at the middle of the column (i.e.,

x L/2) becomes unbounded as the load P approaches ‘TT 2EI/L 2. Qualitatively,

the effect of initial imperfections is shown in, Figure 2-5.

When C1~~, the initial imperfection , is small , the behavior approaches
that of a perfect column . As C1* becomes larger , the la teral de flection
grows more rapidly , but in all cases, the lateral deflection increases with-
out bound as P approaches 

~cr = ir 2 EI/L 2 , the buckl ing load of the per fect
column. This result, namely that the maximum load wh ich the column wil l
carry is not strongly-dependent on the initial imperfection (C

1*) has led
researchers to classif y columns as “insensitive” to initial imperfections.

As might be imagined , not all structures are insensitive to initial

imperfections. Figure 2—6 qualitatively shows the effect of imperfections

on the buckling of an axially compressed cylindrical shell (Reference 3 ).
Cer ta in shell structures are notor ious fo r their sensi tiv ity to in itial
imperfections, and this fact usually is manifested by a significant dis-
crepancy between (perfect) theory and (imperfect) exper imen ts. W ith respect
to the problem at hand , namely fa ilure of lined tunnels in rock , the next
step is to determine whether the tunnels are rela tively insensi tive (like
the column) or highly—sensitive (like the axially-loaded shell) The results

~vailable (Reference 3 ) indicate that tunnels loaded by external (hydro-

static) pressure are relatively insensitive to initial imperfections, at

least for the (MIGHTY EPIC/DIABLO HAWK) geometries.

15
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For example, Figure 2-7 shows the comparison between theory (the

solid lin e) and experiment (the open dots) for buckl ing  pressure ~ vs. the

Batdorf parameter , Z. When Z is computed for the test cylinders, one has

z L 2 
(1 — v2)~~

’2 (2— 4>

where

L = 16 f t  (length)
a = 2 ft (radius)
h = .75 in (thickness)

V = .3 (Poisson ’s ra tio)

which gives

= 1953

when a steel thickness of .75 inches is used .

This calculation does not reflect the fa ct tha t the steel liner is
attached to the concrete , which is much thicker . By equating the bending

stiffness (El) of the steel-and—concrete to that of a completely steel

“equivalent” shell , one can conservatively estimate an equivalent thickness,
heq~ 

as less than 12 inches. In this case, one computes

= 122 (2—sb)

Referring now to Figure 2—7 , one sees that the Z values of equations

(2—5) fall in a region where theory and experiment are in reasonable agree-

ment. This agreement is usually lacking if the structure is sensitive to

initial imperfections. To further substantiate this point, Figure 2-8

shows a theoretical “imperfection sensitivity parameter” , a2
, plotted vs. Z

for cylindrical shells loaded by external pressure. Note that for Z > 100,

the sensitivity parameter a
2 is small , (tending toward zero) which indicates

a lack of sensitivity to initial imperfections.

The net result of this discussion is that the (MIGHTY EPIC/D IABLO
HAWK ) test cylinders are not expected to be sensitive to initial imper-
fections. Thus, although MIGHTY EPIC produced some (relatively slight)

ini tial ovaling in the (undamaged ) test cylinders , these imperfections
are not epxected to significantly change the DIABLO HAWK predictions.

It is known that the effect of the imperfections will be to increase the

expected probability of fa i lu re , Pfl but such changes are not expected

18
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to be significant . Again the reader is cautioned that the effect of
pre—stress in the rock medium has not been inlcluded in this discussion,
and this pre—stress effect  may be important.

Referring back to Figure 2-4 for a moment, one sees that 5 or 6
cylindrical structures are expected to fail in the DIABLO HAWX test, and

Table 2-3 indicates that 5 cylinders will be “severely” damaged . Armed

with this knowledge , one might pose the question , “How can we adj ust the
DIABLO a~wx test structures to improve the probability of obtaining
successful test data?” This question is addressed in Section 3. of this

report .

20
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3. RECOMMENDATIONS FOR THE
DI ABLO HAWK TEST

3.1 RECOMMENDATIONS

The test planners for the (MIGHTY EPIC/DIABLO HAWK ) structures test

had certain design goals in mind when they selected the sizes and placernert

of their structures. Although all of their design goals are not krowr, to

the writer , two goals which were desired are

• The desire to load the same structures more than once , i.e.,

multiple loadings, and

• The desire to propagate a second shock pulse through the tuf f/

grout med ium , which may have been fractured and/or compressed

by the first test.

These two test goals have an impact on the realistic (i.e., practical)

changes which can be considered to improve the probability of acquiring use-

ful data in the DIABLO HAWK test. Section 2 tells the story of what is

expected on DIABLO HAWK :

• Five cylinders are expected to fail severely, sim ilar to those
most extensively damaged in MIGHTY EPIC, and

• One other cylinder (out of three candidates) may experience slight

buckling.

Faced with these goals and predictions , the fol lowing recommend& ion
is made :

• Add one or more cylindrical structures with a .5 probability of

failure .

The reasons behind this recommendation are given in the paragraphs which

follow, along with other alternatives that appear less practical. Section

3.2 also contains an example decision analysis which also indicates the need

for one more structure.

Referring to either Figure 2—3 or Table 2—2 , for a factor of 1.1

uncertainty , one sees a less than optimally des igned experiment for the
cylindrical tunnel structures. Five structures have > .97; three

structures have Pf .00, and the other structures have mean failure prob-

abilities of .11 , .11, and .15 respectively . To improve the test design ,

it is recommended tha t DNA consider adding at least one more tunnel , designed

with an intermediate failure probability .

21 
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Such a test matrix will give a more optimum design and is expected

to increase the probability of obtaining useful data . If no changes are

made in the DIABLO HAWK test , it is very probable that five (5) structures

will be severely damaged , one jus t slightly damaged , and the other five

will be basically unaffected by the event . The proposed additional structure

is expected to produce an intermediate damage which will increase the infor-

mation and useful data obtained .

Other alternatives wh ich might be considered but which have inherent
difficulties are listed in Table 3—1 , along wi th a qualitative estimate of

their attendant cost. It is evident that further study of the problem is

required be fore an intelligent f ina l  choice can be made among the var ious
alternatives. In that regard , it may be premature to suggest adding more

tunnels to improve the test , but the additional tunnels appear to be the

leading cand idate for improvement as of this writing.

The reader should note that the pred ic tions made in Sec tion 2 and
re—stated herein do not include the effects of “pre-shocking ” on the tufi.

The MIGHTY EPIC test fractured some of the rock , compressed it , etc,. and the

predictions of this report have not included these effects . It is assumed

tiiat these effects are negligible or of minor significance; however , this
assumption may prove to be incorrect.

3.2 EXAMPLE DECISION ANALYSIS FOR SELECTING AN OPTIMUM NUMBER OF
ADDITIONAL STRUCTURES

Although the DIABLO HAWK test is alread y set, and f u r ther changes wil l
be diff icult, it is of interest to determine whether additional cylinders
would be of value in the future application of data from the test. The problem

wi th the curren t configuration for DIABLO HAWK is that the cylinders are either
fai l ing with a high probabil ity or with a very low probabil i ty,  and there
is very limited data as to the average probability , i.e., the level of
structure strength where the probability of failure would be around .5.

Consider the problem shown in Figure 3-1. There is a design level in a

fu ture system which resulted f rom the conclusions abou t cyl inder strength in
• the MIGHTY EPIC and the DIABLO HAWK tests. There is an uncertainty about

this mean strength , a~ , resulting from the lack o! inform ation from fa ilures
in the tes ts relating to the Pf = .5 range. Consequently, a normal distri-

bution is shown , representing the uncertainty in the true capability of the

structure. Since this uncertainty exists at the time of the design of the

future system , the designer must take a conservative position and possibly
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overdesign , because he is not sure of the true mean capabi l i ty  of the cyl-
inders. The resulting cost to the future system is in additional materials
which would be needed to give the additional strength. If, indeed , the

cylinder were stronger than estimated by the designer because of his lack
of uncertainty, then there would be an econom ic opportuni ty loss (a spend ing
of money which did not need to be spent), due to the uncertainty.

C dC4..~~~~-SLOPE 
= - dx V_ DOLLAR SAVINGS IN MATE RIALS IF

COST OF DESIGN COULD BE REDUCED

~N DES IG NED UNCERTAINTY IN ACTUAL CAPABILIT Y

0 1.O~~~~~~~~~~~~ —DESIGN LEVEL RESULTING

( SOFTER ) -
~

- DESIGN LEVEL ( x )  (HARDER) ~~~~~~~~~~~~ ~~~ RDIF~,
G
1)

7 7 - 1 2 9 1

Figure 3-1. Economic Opportunity Loss as a Function
of Mean Design Level and Uncertainty

The average financial loss due to the uncertainty can be expressed

as an “expected opportun ity loss ” as shown in Equation (3-1)

2f ( x — p x)

E(Opportunity Loss] = EOL=f (c_ ~~ x) 
1 e~

2 2 
)dx (3-1)

0 X

Note there is no oppor tunity loss if the design level should have actually
been higher. On the other hand this would increase Pf which is also undes—

V 
irable. Hence another line should start at x = and have a positive slope

based on some financial interpretation of increased probability of failure.

At this point we will suggest, for purposes of demonstration , that this
second line be ignored and that the problem be restricted to that shown in

Figure 3—1 .

The uncertainty in the proper design level can be reduced by adding

structures to the next test which are designed such that they have a prob-

ability of failure equal to approximately .5. It would be best t~ have a

range of failure probabilities from .2 or .3 to .7 or .8, but regardless

the results should yield a mean design level , ~~~, which would represent the

best estimate of the average design level.
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Assume tha t the uncer tain ty in the fa i lu re  level of any specific
structure (as) can be obtained from the fragility curve. Then the standard

error of the estimate of the mean is = o5//i~, where n is the number of
structures being tested .

To determine the optimum number of tests required to minimize cost
(combined sys tem cost and testing cost), assume that the normal distribution
in Figure 3-1 represents our “prior ” knowledge of the uncertainty and theor-
etically we could afford  to pay up to the number of dollars in the EOL for
additional tests if the results from the additional tests were able to reduce
to zero our uncertainty in the estimate of the true mean. Unfortunately, the
results of the tests wil l  still produce uncer tainty in the estimate of the
mean, although less than the original.

If it is assumed that all the distributions involved are normal (i.e.,

Gaussian), then it can be shown that the revised estimate of the uncertainty

in the estimate of the true mean can be written as follows (Ref. 14, 15)

1 1 1 3—2= 4
r o x

where a is the revised uncer tainty in ther estimate of the true mean
is the prior uncer tainty

o- is the uncertainty in x resulting
X from sampling (add itional tests)

We are interested in the improvement (reduction ) in the uncer tainty
which can be written as follows :

/ 2  2aI =Vao 0r

1 2  °x %
— 2 2

V ~~

I ~= C
oy + ~~~

01~ 
as shown, can now be substituted into Equation (3-]) to provide the econo-

mic value of the sample information. Since c~ = , this value will change

25
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with the number of tests. The economic benefit from the tests will be the

economic value of the sample (test) information minus the cost of the tests.

For example , assume the following

1 (reference level for the design)

.056 (estimated by evaluating the uncertainty range in the mean

estimate after reviewing the results of MIGHTY EPIC)

dC 
= 

5, 000 ,000 ($5 million material cost/lOO% change in strength)

= .10 (typical from fragility curves in Reference 1).

From Equation (1), EOL = $111,704. To find the expected average gain from

the test information , use the following formulation.

Ef Value of Test Information] = EVTI

2
(x-U)

~~

= 
ac 1 (.

Ux 
(x -u ) e 

- 

2c-1
2 

dx
dX 1~~~ O1j x

_ dC 1
dx °I 1~~

dC ~0 /  
~~2

— 

~~ + Cc~i/n

If the cost per additional test (cylinder ) is CT = $50,000 then the
net gain from additional testing is

~~~ i a f ~~~ sts 
= G = EVTI In) - n CT = n

On substituting the assumed values of 
~~‘ 

etc. into equations
(3—4) and (3—5), it is possible to determine the net gain financially from

the addition of structures to the test. The results for this example are

shown in Table 3-2 . It can be seen that one additional structure would

give a small net gain over no structures or over two structures which would

cost too much compared to the benefit.  By changing the material Costs of

the future facil i t ies,  it is possible to do an analysis of the optimum

26
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number of add itiona l structures as a function of the cost of ma terial in the
future structures. This is shown in Figure 3-2. Figure 3-3 shows the average

net f inancial ga in due to using optimum number of add itional tests as a
function of the costs of materials in future systems . Obviously, there is a
considerable gain as the future systems become more and more expensive.

From this br ief anal ysis , it appears that , at the very most, one
additional structure with a predicted failure probability of .5 would be

desirable in the DIABLO HAWK tests. However, it appears tha t the net benef it
from the add itional structure will be small , and would not mer it the delaying
of the start of the tests , which would add even further costs.

n E V T I ( n )  n CT EVTI(n)—n CT

0 0 0 0
1 54 , 579 50 .000 4 ,579
2 69 , 350 100 ,000 -30 ,650

Table 3-2. Net Gain from Additional Structures

27
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4. EFFECTS OF CORRELATION

4.1 BACKGROUND

As indicated previously (Reference 1) correlation is a significant
but frequently omitted aspect of a statistical evaluation . There are two

prime sources of correlation in the lined tunne l probl em:

• The free—field stress level, if high , will be high everywhere
and , if low , will be low everywhere. There may be some slight

variations in the value from point to point (at the same range),

but the heavy trend will exist.

• Strength of materials such as the reinforced concrete will also

tend to be heavily correlated from structure to structure

because of the commonality of material source and manufacturing
and aging processes.

The correlation of strength of structures and the correlation of the free—

field stress have no relationship to each other. Thus , in a simulation

procedure, one random variable is generated for the pressure (and appropri-

ately scaled for all the tunnels), and another (independent) random variable

is generated for the material strength and likewise used for all structures .

The easiest problem to consider is the case where the structures are

fully—correlated for all the random (structural property) variables. That

is, if the concrete is espec ially strong , it will be strong for all the
test tunnels. Similarly , if the steel is s lightly too thick, it will be
too thick for all the structures , and so on for Erock~ ‘2rock’ °ult’ etc.

This assumption of full correlation (in all the random variables) will

clearly give an upper bound on the effects of correlation . The actual

physical problem clearly lies somewhere between fully correlated (cons idered
herein) and totally uncorrelated (considered previously in Reference 1 ).

V The generation of failure probabilities for the fully—correlated
V 

problem involved developing a small FØRTRAN program , which is outlined in
Figure 4-1. Beginning on the left of Figure 4—1 , one has two independen t
random number generators . Since Pf (on each fragility curve) lies between
O and 1, the procedure is to generate a random number between [0,1]. The

random numbe r has a un i form probability distribution on the [0 ,1] interval.
Using the random number (called “RANDY” in the FØRTRAN program) one enters

the frag ility curve* and reads off a structural capability , call it

*Actually, there are four slightly different fragility curves in the program ,
corresponding to different concrete thicknesses. See Figures 4-5 through
4—8 of Reference 1
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Similarly, one generates a log-normal pressure distribution , cor—
responding to a dimensionless range R/R0 = 1.0. Then , knowing the range of
the structure , one proceeds to scale the pressure variable to give (P/P0)

V at the I~~ structure . Not shown in the Figure is a DO-LOOP (over I, where
I ranges from 1 to the total number of structures, NSTRUC) - Within the

DO—LOO P a test is made to see if

(~i~0) 
> (4—1)

V 
If equation (4-1) is true , then the I~~ struc ture w ill fa il, and a coun ter
is incremented . For example , in a single pass through the Monte Carlo
Loop, S structures m ight “fail” and 9 survive. In this case , the variable
FAIL (5) is incremented by one.

The result of this procedure (when repeated many times) is to popu-

late a frequency distribution such as shown in Figure 4-2. Note that on

each pass through the ~4onte Carlo Loop, the random number generated for the

structure (P f) is used for all the tunnels (hence the tunnels are 100 per
cent correlated) and the random pressure is scaled (using P - R 2) for all
ranges (hence the pressure loading is 100 per cent correlated).

The computer program was relatively straightforward , and it is

thought to be error-free. As a check problem , one range [ (R/R0)1 say] was
given its normal value , and all the other ranges were set to 1000. This

check—out procedure corresponds to a single structure within the range of

the weapon , and all the other structures out-of-range. The result is to

produce the (uncorre lated) fa ilure probabil ity of a sing le (independent)
tunnel , at range (R/R )

1
. This value for Pf was then checked against the

curve in Figure 2-2 , and agreement was obtained .

Af ter thus verifying tha t the program was working correctly , several
runs were made , using three different “f actors of uncer tainty ” in the log—

normal pressure distribution. The primary result of correlating the struc—

tures and correlating the loads is that the probab ili ty d istribu tions
(histograms) begin to develop significant “ta ils ” and the standard deviation

increases. This result is in agreement with physical intuition about the

problem , since “If the structures are all extra—strong , they ’ll all be more

likely to survive , and if they are all extra-weak , they ’ll all be more
likely to fail.” Similar arguments for ernphasing the extremes of the

probability distributions apply when the correlation of the pressure is

considered .
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Individual results for MIGHTY EPIC and DIABLO HAWK are discussed in

the sections which follow .

4.2 EFFECT OF CORRELATION ON DIABLO HAWK PREDICTIONS

The results presented in Section 2.2 (cf. Figure 2-4a through 2-4c) are

based upon un—correlated random variables. Thus the concrete strength of

one cylinder might be high when the concrete strength of its neighbor is
low , etc. Similarly, the results of Section 2.2 assume that the pressure

loading (i.e., free—field stress) is also random from cylinder—to-cylinder.

From a practical , physical standpoint , the assumption that the cylin—
ders are all uncorrelated (with regard to concrete strength , rock properties,
etc.) is not correct. Presumably , the same construction crew made each of

the cylinders , some were made on the same day , they were made using the
same techniques, etc. Thus, it is anticipated that certain properties of
the structures will be highly correlated. Similarly, the pressure loading

(from the nuclear event) is also expected to be highly cor related , such
that a high free—field stress on one structure implies a high free-field

stress on its neighbor , etc.

Note that the pressure loading is uncorrelated with the mater ial
properties, however. That is, the high concrete strengths made by the
construction crew are totally uncorrelated with the effects produced by

the weapon. From a computational standpoint, the simplest case to consider
is that where

(i) All the material properties , rock strengths, concrete strength,
etc. are fully-correlated from structure-to—structure ,

(ii) The pressure loading is fully—correlated from structure-to—
structure , and

(iii)  There is no correlation between material strengths , cylinder
properties , and the applied loading.

This problem was solved computationally by using two independent

random number generators via the computer program outlined in Figure 4—1.

The results of these calculations are shown in Figure 4—2 through 4-4,

which were each computed for a different factor of uncertainty in the free—

field pressure. Referring to Figure 4—2 and comparing it with Figure 2-4a

one observes that the effect of correlation has been to increase the prob-

ability of exactly 3 failures and exactly 8 failures . Previously, the

probability of exactly 6 failures was quite high (see Figure 2-4a). Thus,
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the effect of correlation has been to modify the extremes of the distribu-

tion and increase the standard deviation.

Similar results are noted when Figure 2-4(b)iscompared with Figure 4—3.

Again the effect of correlation has been to modify the extremes of the dis-

tribution. This effect if most pronounced for the larger uncertainties

in the free-field pressure (compare Figure 2—4(c) with Figure 4-4). With
respect to the predictions for DIABLO HAWK , since the effect of correlation

has been to widen or spread out the distribution , the range on the predicted

number of failures is increased . Thus, although in Section 2.2 it was

predicted that “either 5 or 6 fai lures  would occur ,* within 90 per cent
confidence limi ts,” the fully-correlated results of Figure 4-2 indicate
that between 3 and 8 structures will fail in the DIABLO HAWK test, wi thin
90 per cent confidence limits. Similarly, for the higher uncer tain ty
factors , the range on the number of predicted failures increases. These

effects of correlation and of uncertainty in the free—field pressure were

also demonstrated when calcula tions were preformed fo r the M IGHTY EPIC
cylinders. The fully-cc’rrelated results for MIGHTY EPIC are discussed in

the following section.

4.3 EFFECT OF CORRELATION ON THE MIGHTY EPIC RESULTS

Referring to Figure 4-5 (taken from Reference 1) one sees that the

probability of 4 , 5, or 6 failures was relatively high, when no correlation
was used. Conversely, Figure 4-6 shows that the probability of exactly 5
failures is reduced , and the probability of exactly 8 or 10 failures is

increased , when the structures and loading are fully-correlated .

Previously , without correlations , it was predicted that “from 4 to 6

structures will fail, within 90 per cent confidence limits.” Again, it

is noted from Figure 4-6 that the range of the probable number of cylinders

failing is increased when correlation is used. Thus, from Figure 4—6 one

can determine that the probable number of failures lies between 4 and 10,

within 90 per cent confidence limits , for a fully—correlated MIGHTY EPIC test.

Wi th hi gher uncertainty factors (for the free—field pressure) the
effect of correlation is to emphasize the extremes of the distributions,

as noted previously . (See Figures 4-7 and 4-8, for example.)

*For a factor of 1.1 uncertainty in pressure .

~ 
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4.4 DISCUSSION OF CORRELATION

It can be argued that the effec ts of correlation should be such as
to emphasi:e the extremes of the probability dis tr ibu tions , as was dis—
cussed in Section 4.1. In brief, if the properties of the struc tures are
all correlated , then they are more likely to all be over—strength (or all

under-strength) and all survive the loading (or all fail) . Similarly, if
the pressure loading is correla ted, then it is more likely that they will
all survive (if the pressure is low) or they will all fail (if the pressure

is high). Thus, from a physica l standpoint, it is understandable why
correlation emphasizes the extremes of the distribuitons .

The real situation in the (MIGHTY EPIC/DIACLO HAWK) structures

experiment falls somewhere between the “fully-correlated ” case (treated
herein) and the “fully— uncorrelated ” case. For example , the cylindrical
structures all were made by the same contractor , which tends to make them
highly correlated . However , the rock in which they were placed may vary

V 
from one location to another , which tends to make the proper ties a little

less correlated.

Sensitivity studies (Reference 5 ) have shown that the rock proper-

ties (like the ultimate strength , °ult’ 
and the fracture parameter , ksr)

have a significant effect on the structural capability 
~°“°c,~ 

of the
tunnels. Since the tunnels are fairly widely separated in the rock, one
can argue that these sensitive properties (O ult 

and ksr) are relatively
un—correlated , and hence the tunnel strengths should be uncorrelated .

Conversely, another sensitive parameter is the concrete strength , f~ , which
is expected to be highly correlated (due to commonal ity of the manufac turing
process). Thus, there e1re possible arguments for high correlation among

the test structures. It seems clear at this point that the actual struc—

• tures in (MIGHTY EPIC/DIABLO HAWK) fall somewhere between the two extremes

of totally uncorrelated and fully correlated .

L~V~V .V 
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5. PROBABILITY CALCULATIONS
FOR SPHERES

In addition to the lined tunnels in rock (which were designed by

Merri t t  CASES) , the (MIGHTY EPIC /DIABLO HAWK ) tests include hollow spherical

concrete structures (designed by Agbabian Associates) . Reference 6

discusses the rationale behind the test design for the concrete spheres ,
and Reference 7 presents the equations used for designing the individual

spheres themselves. It is noteworthy that several fundamental differences

exist between the cylinder design (which was developed by Newinark, Refer—

ence 8 ) and the sphere design (which is based on Haynes ’s work , Reference 9) .

For example, Newinark’s tunnel design procedure involves using a

steel liner and allows plastic deformation of the steel, the surrounding
concrete, and the grout/rock medium . Conversely, the sphere design uses
no steel liner , involves fiber-reinforced concrete and assumes elastic

behavior of the concrete and rock. The tunnel design by Merritt CASES

(Reference 5 ) accounted for uncer tainties by using relatively standard
design practice and considered maximum and minimum values of rock properties,

concrete proper ties , etc. On the other hand , Agbabian Associates used a
probabilistic design procedure (based upon a paper by Ang and Cornell ,
Reference 10) to accoun t for uncertainties in material properties , etc.
Thus , it is clear that many basic differences exist between the cylinder
and sphere design procedures . These differences are worth examining to

increase our understanding of the design of deep—based structures.

Other questions arise with respect to the sphere design which

concern probabilistic design in general. The results presented herein and

in Reference 1 are based on a Monte Carlo* technique, which is more

general and can treat wider variations in the data than the method of Ang

and Cornell (Reference 10). The latter approach is based on a perturbation

procedure which contains the assumption that

—~ << 1 (5—1)
Ii
i

where is the mean value of the i~~ (uncertain) parameter (e.g., Young ’s

modulus for rock, etc.)

and is the standard deviation of the i~
1
~ parameter.

For a discussion of the term “Monte Carlo” technique , see Reference 11.
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Rathe r than go into a theoretical comparison of the probabilistic
methods used by the various contractors , it is probabl y of more value to
describe the individual approaches and show their strengths and shortcomings.

Figure 5—1 shows three methodologies which have been used to evaluate the
effects of uncertainties in structures on structure strength. The first

method , I, (Reference 7), uses a series of factors multiplied times the noon—
V 

inal strength to express the variation in the actual strength. The assump-

tion is made that the uncertainty in these factors is small compared to the
mean. The assumption is also made that there is no statistical correlation

between factors. The approach does handle systematic error by the incorpor-

ation of an ignorance uncertainty. The approach works only for small uncer-

tainties and if large uncertainties are introduced , will produce very biased
results. Consequently, this approach should be used with care , and always
with very small variations. The methodology is not applicable to problems

with large non-linearities. A second method, II , used by Merchant (Reference
12) uses a perturbation technique wherein par tial derivatives of strength are
taken with respect to each of the system parameters. A linear statistical

model is then constructed wherein the variance of the strength becomes a
function of the products of the squares of the partial derivatives and the

variances of the parameters. The model as used did not contain correlation,

but ma thematically is capable of handling correlation between the parameters.
Again , this model is valid for small uncertainties and very small non—linear—
ities, but will fail with large uncertainties and non-linearities .

The third appraoch , III , is basically a Monte Carlo method , wherein the
model is always preserved , and a simulation isused wherein sampling from the

uncertainties of the parameters produces a distribut ion of strengths of the
structure. This method is the most exact, but is also the most expensive

when the computational costs of running the simulation are high. From the

standpoint of comparison , this third model is usually used in check ing other
models such as the Method II linear statistical model. For very small pertur-

bations, Methods II and III agree. There has been no direct comparison between

Method s I and III in this problem to substantiate the final validity of Method
I.

Although the Monte Carlo technique can be applied to the sphere design ,

and fragility curves can be derived for spheres, no move was made to develop

an attendant computer program. The sphere problem was studied sufficiently

to outline the flow of the calculations, however, and the results are given

in Appendix A. Another problem which wag briefly investigated concerns the
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development of elastic-plastic design of spheres , which is discussed in the
paragraphs which follow.

The Newmark procedure (described in Reference 8 ) allows for elastic—

plastic deformation of the concrete liner and the rock. Newmark assumed

that the tunnel was very long (the plane strain approximation) and axi-

symmetric (no variation in the circumferential direction, 0). Consequently,

the tunnel problem is taken to be one-dimensional - i.e., var iations along
a radius , r, only are allowed . Similar approximations (e.g., that for a
sphere the loading is spherically—symmetric) allow the sphere problem to

be treated as one-dimensiona l (variations allowed in the radial direction

only). Thus the question of whether or not one can develop a “spherically—

symmetric Newmark procedure” for spheres in rock naturally arose.

This problem, of a spherical cavity in an infinite elasto-plastic

medium , was recently analyzed by Durban and Baruch (Reference 13). Ref-

erence 13 is based on Durban ’s DSc thesis, and the approach is not as
simpli fied as Newmark ’s procedure. However , Durban presented a full y non-

linear analysis (both material and geometric nonlinearity) which will

simplify somewhat if it is limited to small strains (e.g., E~~ = .01 to .05).

Regardless of such simplification , Durban gives solutions in the form of
closed integrals which can be readily evaluated numerically. The extension

of these results to include a spherical liner in a spherical cavity appears

fairly straightforward , providing one is willing to assume perfect bonding

(continuity of stress and strain) between the concrete liner and the rock.

Although the subject of a “spher ical Newmark” procedure has been
examined just briefly, three results stand out:

• The spherically symmetric problem is somewhat more complicated

than the cylindrically symmetric tunnel.

• The solution is amenable to numerical integration and is expected

to be fairly simple to implement on the computer.

• It is not obvious that the added complexity of allowing elastic—
plastic behavior would result in an improved design (relative

to the semi-empirical procedures which Haynes has developed

for spheres; see Reference 9 ).

Further work to answer questions about the elasto—plastic design of spheres

in rock was beyond the scope of this report.
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6. CONCLUDING REMARK S

A primary conslusion of this study is that 5 or 6 cylindrical

structures are expected to fail in the DIABLO HAWK test, with 5 tunnels
being heavily damaged . The effects of initial ovaling (i.e. initial

imperfections) from the MIGHTY EPIC test are thought to be insignificant,
however this estimate remains to be proven. To adjust the DIABLO HAWK

test and improve the probability of obtaining better design data , it is
tentatively recommended that more new cylinders be added to the test.

The effects of correlation of the structural strengths and of the

applied pressure loading were examined , and it was found that correlation

emphasizes the extremes of the probability distrubutions. That is, the

probability of a few failures increases, and the probability of many fa i lures
increases. The result is that the confidence bounds of the expected number

of failures increases. For example, without correlation , 5 to 6 fa ilures
are predicted . For DIABLO HAWK , whereas with full correlation from 3 to 8

failures are predicted.* The actual physical problem will lie somewhere

between these two extremes of totally uncorrelated and fully correlated .

The study showed it is a relatively straightforward problem to

develop fragility curves for spheres, bu t time and money constraints
would not allow their development herein. A “spherical Newmark” procedure ,
for elasto—plastic design of spheres in rock, might also be developed , but

it is not expected to be as simple as the cylindrical tunnel procedure.

*These predictions assume a factor of 1.1 uncertainty in the f ree—fie ld
pressure.
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APPENDIX A

FLOW -CHART FOR S P H E R E  C A L C U L A T I O N S

Agbabian ’s calculations (Reference 7 ) were reviewed to determine how
fragility curves for spheres could be produced . A possible means of generat-

ing the fragility curves is shown in Figure A-i.

Beginning on the left of Figure A-i , one selects a free—field pressure,
P. Then, by generating independent random variables and using equations

which relate these var iables , one can calculate a (random) in—plane cracking

pressure, P 1. Next, one tests to see if

p > p
1 (A—i)

If equation (A—l) is satisfied , a counter is incremented , counting the fact
that failure has occurred . Then the failure probability is calculated , and
the entire process repeated in a Monte Carlo Loop.

The result is that for a particular pressure , P, there will be
generated a corresponding fa i lure  probabil ity,  Pf~ One can thus develop a
fragili ty curve , Pf(P)~ of failure probability as a function of free—field

pressure . It might be worthwhile to simultaneously use another failure

criteria (say implosion) in addition to in-plane cracking . Then two fragility

curves (one for each failure criterion) would be developed . (See Figure A-2).

Correlation among the random proper ties and the pressure loading
could also be treated, following the guidelines given in the body of the
report.
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